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Autoimmune Intestinal Pathology
Induced by hsp60-Specific CD8 T Cells
system. Alterations in the T cell system (Mombaerts et
al., 1993), the cytokine profile (KuÈ hn et al., 1993; Sadlack
et al., 1993), the signaling proteins (Rudolph et al., 1995),
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or the transfer of T lymphocytes into immunodeficientPaul W. Bland,§ Immo Prinz,*
mice (Powrie et al., 1993; Reimann et al., 1993) haveUlrich ZuÈ gel,* and Stefan H.E. Kaufmann*
been shown to cause intestinal inflammation. To date,*Department of Immunology
T cell±mediated intestinal inflammation has mostly been²Microscopy Unit
attributed to a certain subpopulation of CD4 T lympho-Max-Planck Institute of Infection Biology
cytes (Morrissey et al., 1993; Powrie et al., 1994a; Rudol-D-10117 Berlin
phi et al., 1994; Hollander et al., 1995). Despite the un-Germany
known etiology of IBD, current animal models favor a³ Institute for Animal Welfare, Animal Behavior,
dysregulated CD4 T cell response to as yet undefinedand Laboratory Animal Science
luminal antigens, leading to an exaggerated Th1 re-Free University of Berlin
sponse (Reimann et al., 1995). These findings could ex-Division of Veterinary Medicine
plain why some mutant mice no longer develop inflam-D-12207 Berlin
matory bowel disease when raised under germ-freeGermany
conditions (KuÈ hn et al., 1993; Sadlack et al., 1993). The§Division of Molecular and Cellular Biology
undefined antigen specificity of intestinal lymphocytesDepartment of Clinical Veterinary Science
has hampered the understanding of the T cell±mediatedUniversity of Bristol
pathology in the intestine. Mycobacteria have been con-Langford, Bristol BS40 5DU
sidered as possible etiologic agents of IBD becauseUnited Kingdom
antibodies from patients suffering from Crohn's disease
(CD) or ulcerative colitis (UC) react with mycobacterial
or human hsp60 (Elsaghier et al., 1992; Stevens et al.,Summary
1992). Although the relevance of this antibody reactivity
to IBD is unclear (Chiodini et al., 1984; Spahn et al.,Due to their ubiquitous distribution and high degree
1997), the structural homology between microbial andof structural similarity, heat shock proteins (hsp) are
host-derived hsp has been postulated to provide a basispotential target antigens in autoimmune diseases.
for autoimmune processes in chronic inflammatory dis-Here, we describe induction of intestinal inflammation
eases. Involvement of hsp-specific immune responsesfollowing transfer of hsp60-reactive CD8 T cells into
has been found in a number of experimental animalmice. Inflammatory reactions were MHC class I depen-
models (ZuÈ gel and Kaufmann, 1999) including experi-dent and developed primarily in the small intestine.
mental arthritis (Van Eden et al., 1988; Thompson etIFNg and TNFa, as well as gut-derived hsp60, were
al., 1990) and experimental insulin-dependent diabeteselevated at sites of T cell infiltration. Intestinal lesions
mellitus (Elias et al., 1990).
were drastically reduced in mice lacking receptors for
We have established CD8 T cell lines and clones de-
TNFa. Pathology also developed in germ-free mice, rived from mycobacterial hsp60 immune spleen cells
indicating recognition of host-derived hsp60 by CD8 that show cross-reactivity between H-2Db-restricted
T cells. This report demonstrates that CD8 T cells with peptides of mycobacterial and murine hsp60. Further-
defined antigen specificity cause intestinal inflamma- more, these T cells recognize a self-epitope of IFNg
tion, emphasizing a link between infection and autoim- stressed target cells (Koga et al., 1989; Steinhoff et al.,
mune disease. 1994; ZuÈ gel et al., 1995). Here, we show that expansion
of a hsp60-specific T cell clone in immunodeficient mice
Introduction is primarily focused on the small intestine and liver.
Infiltration and inflammatory lesions in these organs oc-
The intestinal immune system is subject to continuous curred 2±6 weeks after T cell transfer and were strictly
stimulation with antigens derived from food and micro- antigen specific and MHC class I dependent. Thus, this
organisms. It must therefore distinguish between invad- model provides evidence that hsp60 cross-reactive CD8
ing pathogenic microorganisms and the normal enteric T cells mediate autoimmune pathology of the small in-
flora, as well as dietary antigens, and respond appropri- testine.
ately. Probably more than in any other organ, intestinal
immune reactivity requires tight regulation to ensure Results
protective and to avoid pathologic immune responses.
Spontaneous development of inflammatory bowel dis- hsp60-Specific CD8 T Cell Clone Secretes High
ease (IBD) in C3H/HeJBir mice (Sundberg et al., 1994) Levels of IFNg and TNFa and Expands
and in several genetically engineered animals reflects in the Small Intestine
the vulnerability and complexity of this regional immune In previous studies, we have characterized the specific-
ity of an hsp60-specific T cell clone (UZ 3-4) that cross-
reacts with nanomolar concentrations of peptides repre-‖ To whom correspondence should be addressed (e-mail: steinhoff@
mpiib-berlin.mpg.de). senting distinct sequences of the mycobacterial hsp60
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Table 1. Flow Cytometric Analysis of Lymphocytes in Various Organs of Control and T Cell Reconstituted Mice
Transfer of
hsp60-Specific Percentage of Lymphoid Percentage of Lymphoid
Mouse Strain T Cells Organ Cells Positive for TCRa/b Cells Positive for TCRg/d
C57BL/6 no spleen 35.8 6 3.4 1.3 6 0.6
liverb 69.4 6 16.3 1.9 6 0.2
small intestinec 44.3 6 6.5 47.1 6 8.2
TCRb2/2 no spleen 0.65 6.4 6 2.7
liverb 0.01 22.1 6 2.8
small intestinec 0.17 80.3 6 9.5
TCRb2/2 yesa spleen 9.9 6 3.2 0.6 6 2.6
liverb 61.1 6 15.0 6.7 6 0.2
small intestinec 80.4 6 12.8 11.5 6 4.2
Single cell preparations of various tissues were prepared and double stained with anti-TCRa/b FITC and anti-TCRg/d PE. Representative data
from three different experiments, means 6 SD, are shown. Cells were gated on small lymphocytes.
a Animals were analyzed 25 days after transfer (i.v.) of 5 3 106 T cells.
b Liver lymphocytes were prepared as described (Emoto et al., 1995).
c Intraepithelial lymphocytes of the small intestine were prepared as described (Ishikawa et al. 1993). Total numbers of recovered iIEL were
C57BL/6, 1.1 3 107 6 2.9 3 106; TCRb2/2, 8.3 3 106 6 1.9 3 106; TCRb2/2 reconstituted with hsp-specific T cells, 9.2 3 106 6 3.1 3 106.
(AA499-508: SALQNAASIA) and the murine hsp60 (AA162-171: showed a similar expression of surface markers (CD81,
CD691, and CD49d2), used H-2Db as restriction element,KDIGNIISDA) sequence in an H-2Db-restricted fashion
and produced similar levels of IFNg and TNFa upon(ZuÈ gel et al., 1995). We have extended this phenotypic
antigenic stimulation in vitro. The TCRb2/2 mice recon-and functional analysis of the hsp60-specific T cell clone
stituted with hsp60-specific T cells developed inflamma-and compared it with a control CD8 T cell clone (specific
tory lesions in the small intestine with occasional focalfor an influenza NP peptide, AA366-374: ASNENMETM, pre-
leukocytic infiltrates in the liver and died 2±6 weekssented in the context of H-2Db) on the basis of the cyto-
after T cell transfer. Similar results were obtained afterkine profile, TCR usage, and surface marker expression.
transfer of hsp60-specific T cells into scid mice. On rareThe hsp60-specific T cells expressed TCR Vb8.1 and
occasions (1/10 animals), inflammation of the caecumVa 8 chains, exhibited cytolytic activity that was mainly
and the proximal part of the colon was observed. Inter-Fas mediated, and secreted high amounts of IFNg (72
estingly, despite the lack of inflammatory signs, immu-U/ml) and TNFa (37 U/ml) upon antigenic stimulation.
nohistochemical analysis revealed infiltrates of hsp60-Surface marker expression of hsp60 and influenza NP±
specific T cells in the colon (data not shown). In contrast,specific T cell clones showed the phenotype of activated
animals reconstituted with influenza NP±specific T cellsT cells (high expression of CD69) with no obvious hom-
showed no signs of disease and survived (Figures 1A,ing receptors for the intestine, as demonstrated by
1B, and 1E). These T cells could not be recovered 24barely detectable expression of integrin a 4 chain
days after transfer. Immunohistological examination of(CD49d) and no detectable expression of integrin aIEL
the small intestine from T cell reconstituted animals (day(CD103) and L selectin (data not shown). After adoptive
18) revealed high numbers of Vb8.1 positive cells in thetransfer of hsp60-specific T cells into TCRb2/2 mice,
lamina propria (Figures 1C and 1D). Massive leukocyticmassive infiltrations could be detected in the small intes-
infiltrates in the lamina propria and the epithelium weretine and the liver. The total numbers of iIEL recovered
found in overtly diseased animals (day 30), indicatingfrom C57BL/6 mice, TCRb2/2, or T cell reconstituted
expansion of hsp60-specific T cells (Figures 2B and 2D).TCRb2/2 mice were similar, suggesting substantial dis-
Infiltrated areas revealed degeneration of the mucosalplacement of resident TCR g/d iIEL populations by
epithelium especially noticeable at the villus tip and oc-
hsp60-specific T cells (Table 1). In contrast, influenza
casionally expanding to the villus base. Measurement
NP±specific T cells could not be detected 25 days after of crypt and villus lengths in the intestines of naive and
transfer into immunodeficient mice, indicating unstable T cell reconstituted (day 32) mice revealed average villus
engraftment in the absence of antigen. Transfer of length (64.8 6 5.5 versus 49 6 3) and crypt length (10.8 6
hsp60-specific T cells into wild-type C57BL/6 mice did 1.9 versus 15.5 6 1.5) in naive mice versus T cell recon-
not lead to expansion of the T cell clone and thus no stituted mice, respectively. The resulting villus to crypt
pathology was observed. Expansion of hsp60-specific T length ratio was 6.4:1 in naive TCRb2/2 animals and
cells in various organs after adoptive transfer in TCRb2/2 3.1:1 in T cell reconstituted TCRb2/2 mice, indicating
mice was measured by uptake of 5-bromo-2-deoxyuri- crypt hyperplasia and villus atrophy caused by hsp60-
dine (BrdU) and revealed strong staining in the intestine specific T cells. Inflammatory reactions were often ac-
and liver (92%/42% BrdU1 cells) but only to a low extent companied by massive haemorrhages. In contrast to
in the spleen (29% BrdU1 cells) (data not shown). many previously described models of intestinal inflam-
mation, no ulceration and no prominent influx of macro-
CD8 T Cells Specific for hsp60 but Not Influenza phages or granulocytes was observed in hsp60 T cell
NP Cause Intestinal Pathology reconstituted animals. The presence of intestinal pathol-
Next, we investigated the specificity and kinetics of dis- ogy correlated with increased IFNg and TNFa levels
ease development in TCRb2/2 mice caused by hsp60 within the intestinal tissue (data not shown). For func-
tional analysis, hsp60-specific T cells were isolated fromor influenza NP±specific T cells. Both T cell populations
CD8 T Cell±Mediated Intestinal Pathology
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Figure 1. Inflammation of the Small Intestine
following Expansion of hsp60-Specific T Cells
TCRb2/2 mice were reconstituted (i.v.) with
(A) 5 3 106 influenza NP± or (B) hsp60-specific
T cells and monitored for pathology 24 days
after reconstitution. Arrows indicate small in-
testine (s.i.) and large intestine (l.i.). Staining
for Vb8.1/8.2 positive lymphocytes in the
small intestine of normal (C) C57BL/6 or (D)
TCRb2/2 mice 18 days after reconstitution
with 5 3 106 hsp60-specific T cells. (E) Sur-
vival of TCRb2/2 mice reconstituted with influ-
enza NP±specific (circle) or hsp60-specific T
cell clone (triangle). Mice were killed when
moribund. Representative results for a total of
six animals per group are shown. Two further
experiments gave similar results.
small intestines and livers of TCRb2/2 mice 20 days after adoptive transfer during the period of observation
(46 weeks) (Figure 3A). Accordingly, 28 days after trans-after adoptive transfer and then recultured in vitro with
mycobacterial hsp60 peptides for 6 days. Cytolytic ac- fer, hsp60-specific T cells could not be isolated from
intestines, livers, or lungs. Lung pathology of TCRb2/2 3tivity as measured by 51Cr release assay revealed un-
changed antigen specificity and surface marker expres- b2m2/2 mice was observed from week 20 on, indepen-
dent of T cell reconstitution, suggesting infection ofsion after in vivo passage (data not shown).
these immunodeficient mice with Pneumocystis carinii
as previously reported by this laboratory (Hanano et al.,Induction of Intestinal Inflammation is MHC Class I
1996). Since induction of intestinal inflammation wasDependent and Mediated Only by hsp60
dependent on MHC class I restricted antigen presenta-Cross-Reactive T Cells
tion, we investigated whether peptide recognition ofDouble mutant mice with null mutations of the TCRb
hsp60 of bacterial or murine origin was responsible forand b2m loci (TCRb2/2 3 b2m2/2) received 5 3 106 hsp60-
inflammatory reactions in the intestine. Therefore, a non-specific T cells i.v., and the development of inflammatory
cross-reactive T cell clone was transferred that reactslesions and survival times were noted. In contrast to
only with the mapped epitopes of the bacterial (AA499-508:TCRb2/2 mice, animals deficient in both a/b T cells and
b2m molecules did not exhibit any signs of inflammation SALQNAASIA) but not the murine (AA162-171: KDIGNIISDA)
Immunity
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Figure 2. Histological Analysis of Intestinal
Inflammation in hsp60 T Cell Reconstituted
TCRb2/2 Mice
Hematoxylin-eosin staining of 3 mm sections
embedded in Technovit 8100 from naive
TCRb2/2 mice (A, C, and E) and TCRb2/2 mice
30 days after reconstitution with hsp60-spe-
cific T cells (B, D, and F). Cross sections of the
small intestine demonstrates reduced villus
length in T cell infiltrated intestines (B). Hem-
orrhage and the immense expansion of
hsp60-specific T cells in the lamina propria
and epithelium (D). Degenerative process of
the villus epithelium (F). Magnifications: (A)
and (B), 27.33; (C) and (D), 163.13; and (E)
and (F), 810.53.
hsp60 (Figure 3B). No inflammation was induced by for type I cytokine-mediated pathogenesis (Powrie et
al., 1994b; Van Deventer, 1997). To investigate the roletransfer of this non-cross-reactive T cell clone into
TCRb2/2 mice, resulting in 100% survival (Figure 3A). of TNFa in hsp60-specific T cell±mediated inflammation,
we transferred these T cells into triple mutant mice lack-
ing a/b T cells and the receptors p55 and p75 of TNFaHigh Expression of Intestinal hsp60 in the Vicinity
(TCRb2/2 3 TNF R1122/2). T cell reconstituted mutantof hsp60-Specific T Cells in the Lamina Propria
mice were screened for survival, development of pathol-The expression of endogenous hsp60 in the intestinal
ogy, and leukocytic infiltrations in the intestine and thetissue of naive and T cell reconstituted mice was deter-
liver. In contrast to the extended inflammatory lesionsmined by Western blot analysis. Homogenates of un-
in the small intestine and focal infiltrates in the liver offractionated tissue of small and large intestines were
TCRb2/2 mice, triple mutant TCRb2/2 3 TNF R11R22/2separated by SDS-PAGE, transferred to nitrocellulose,
animals remained healthy with no signs of severe intesti-and probed with mAbs specific for eukaryotic hsp60.
nal inflammation (Table 2). Despite the lack of obviousFigure 4A shows that T cell reconstituted TCRb2/2 mice
signs of inflammation, Vb8.1 positive T cells were de-exhibited increased expression of gut-derived hsp60 in
monstrable in the small intestine and in the colon (datathe small intestine compared to naive mice. Increased
not shown). In 2/8 TCRb2/2 3 TNF R11R22/2 mice, con-hsp60 expression originated from the intestinal tissue
fined foci of T cell infiltration in the liver were observed.since the mAb used for Western blot analysis did not
These results indicate that TNFa is an essential mediatorreact with lysates of intestinal bacteria or purified T cells
of intestinal inflammation induced by hsp60-specific(data not shown). Although T cell±mediated intestinal
CD8 T cells.inflammation was predominantly restricted to the small
intestine, higher levels of hsp60 were detected in the
large intestine than in the small intestine of naive mice The hsp60-Specific T Cell±Mediated Intestinal
(Figure 4B). Double staining for hsp60 and Vb8.1 of small Inflammation Occurs in the Absence
intestinal tissue from T cell reconstituted mice showed of Endogenous Bacterial Flora
strongly hsp60 positive cells in the lamina propria that Several studies have shown a strong association be-
were often in the vicinity of hsp60-specific T cells (Fig- tween the intestinal flora and the development of IBD
ure 4C). (Strober and James, 1986; Duchmann et al., 1995, 1996).
To determine whether hsp60-specific T cell±mediated
intestinal inflammation was dependent on the presenceInflammatory Lesions of the Intestine Are
Drastically Reduced in Recipient Mice of a normal bacterial flora, we established a colony of
germ-free TCRb2/2 mice. Animals were checked weeklyLacking the Receptors for TNFa
Recently, it has been shown that colitis can be prevented for sterility before and after hsp60-specific T cell engraft-
ment, and survival of animals was monitored. Transferby neutralization of IFNg and TNFa, providing evidence
CD8 T Cell±Mediated Intestinal Pathology
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Figure 3. Development of IBD by hsp60 Cross-Reactive T Cells Is
MHC Class I Dependent
(A) TCRb2/2 (open triangles) and double mutant TCRb2/2 3 b2m2/2
mice (squares) were reconstituted i.v. with 5 3 106 cross-reactive
Figure 4. Increased hsp60 Expression in the Small Intestine after Thsp60-specific T cells (UZ3-4), and survival was monitored. Alterna-
Cell Reconstitutiontively, TCRb2/2 mice were reconstituted with 5 3 106 non-cross-
reactive hsp60-specific T cell clone (closed triangle). Representative (A) Expression levels of eukaryotic hsp60 in the small intestine before
results for a total of six animals per group are shown. (B) Cytolytic and after T cell reconstitution were evaluated by Western blot analy-
activities of non-cross-reactive (open symbols) or cross-reactive sis using mAb SPA-806. Controls with homogenates of purified
hsp60-specific T cell clones (closed symbols) were measured in a hsp60-specific T cell clone (5 3 106) gave no detectable signal.
51Cr release assay on EL-4 loaded with 2 mM of the mycobacterial Comparison of endogenous hsp60 expression between the colon
hsp60 peptide (SALQNAASIA) (triangle), 2 mM of the murine hsp60 and small intestine of naive mice (B). Equivalent amounts of proteins,
peptide (KDIGNIISDA) (square), or left untreated (circle). as determined by UV absorbance (280 nm), were loaded. (C) Immu-
nofluorescence analysis of small intestinal tissue of TCRb2/2 mice
reconstituted with 5 3 106 hsp60-specific T cell clones. Cryosections
of T cells to both conventional (SPF) and germ-free mice were double stained for expression of hsp60 with Cy2 labeled mAb
caused fatal wasting disease with similar kinetics, dem- SPA 881 (green) and for Vb8.1, 8.2 directly labeled to Cy 5 (red).
onstrating that disease induction is independent of the Significant hsp60 staining was not detectable in naive TCRb2/2 mice.
normal bacterial flora (Figure 5A). Immunohistological
analysis of the small intestine stained for Vb8.1 showed
comparable infiltrations of hsp60-specific T cells in SPF was antigen specific and MHC class I dependent. In-
flammation was markedly reduced in animals lackingand germ-free animals (Figures 5B and 5C).
receptors for TNFa, implying a crucial role of this cyto-
kine in the development of intestinal pathology. TheDiscussion
hsp60 T cell±mediated pathology also developed in
germ-free animals, suggesting induction of autoimmuneThis report describes a novel animal model of intestinal
pathology induced by antigen-specific CD8 T cells. So intestinal inflammation by recognition of self-hsp rather
than microbial hsp.far, studies in animal models of T cell±mediated IBD
have mainly focused on type I CD4 T cells of unknown CD and UC are two major forms of IBD of unknown
etiology in humans. Dysregulation of the immune sys-specificity. Here, we show that cross-reactive hsp60-
specific CD8 T cells can provide a link between infection tem, reactions to persistent intestinal infections, and
genetic as well as environmental factors have been im-and autoimmune intestinal inflammation. The inflamma-
tory lesions induced by hsp60-specific CD8 T cells were plicated in the development of IBD (Taurog et al., 1993;
Sartor, 1995). Several experimental animal models ofconcentrated on the small bowel and their development
Immunity
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Table 2. Scoring of Organ-Specific Pathology
Experiment
Number Mouse Strains Small Intestine Liver Fatality (Weeks)
None Mild Severe None Mild Severe
1 TCRb2/2 0/6 2/6 4/6 1/6 4/6 1/6 2±6
TCRb2/2 3 TNFR11R22/2 3/4 1/4 0/4 3/4 1/4 0/4 Ð
2 TCRb2/2 0/6 1/6 5/6 0/6 5/6 1/6 2±6
TCRb2/2 3 TNF R11R22/2 4/4 0/4 0/4 3/4 1/4 0/4 Ð
All animals were reconstituted with 5 3 106 hsp60-specific T cells i.v. and monitored macroscopically for signs of inflammation. Two independent
experiments were performed. Pathology was graded on the following scale: none, indistinguishable from naive TCRb2/2 mice; mild, small and
confined areas (,5 mm) of intestinal redness or discrete foci of leukocytic infiltration in the liver with smooth surface; severe, extended areas
(.5 mm) of intestinal redness or severe leukocytic infiltrations of the liver with rough surface.
IBD have demonstrated spontaneous manifestation of (Morrissey et al., 1993; Powrie et al., 1994a; Reimann et
al., 1996). The localization of the inflammatory reactionsintestinal inflammation as shown for C3H/HeJBir mice
(Sundberg et al., 1994), animals with disrupted cytokine to the colon of mice suggests that the intestinal flora is
the major immune stimulant leading to IBD. Elson andgenes (Shull et al., 1992; KuÈ hn et al., 1993; Sadlack et
al., 1993), or altered T cell populations (Mombaerts et colleagues have demonstrated that B cells and CD4 T
cells of C3H/HeJBir mice react strongly against antigensal., 1993). Further, adoptive transfer of unselected or
selected populations of naive (CD45RBhi) CD4 T cells of the enteric flora but not to food antigens (Brandwein et
al., 1997; Cong et al., 1998). Several candidate bacteriainto immunodeficient mice results in intestinal lesions
including Mycobacterium spp, Shigella flexneri, and Hel-
icobacter pylori have been suspected to be involved in
IBD development (Chiodini et al., 1984; Duchmann et al.,
1996). Yet, there is no convincing evidence to suggest a
definite and causative role of these infectious agents
in the pathology of IBD. However, the concept that a
dysregulated immune response to luminal bacterial anti-
gens initiates or perpetuates IBD is supported by most
experimental models of IBD. For instance, it was shown
that IBD prone experimental animals no longer devel-
oped IBD when kept under germ-free conditions (Dianda
et al., 1997).
While the involvement of T cells in IBD has been clearly
demonstrated, to date no antigens recognized by patho-
genic T cells have been identified. This report demon-
strates that antigen-specific CD8 T cells mediate inflam-
matory disease of the small intestine, which differs with
respect to location and pathology from models of CD4
T cell±mediated IBD. While in the latter animal models
thickening and ulceration of the colonic mucosa with
enhanced influx of granulocytes and macrophages have
been reported, this was not observed in the CD8 T cell±
mediated inflammation described here. In our model,
pathology was characterized by massive infiltrates of
hsp60-specific CD8 T cells in the lamina propria and
the villus epithelium. T cell infiltrated villi of the small
intestine were significantly reduced in length and exhib-
ited degenerative changes of the villus epithelium most
prominently seen at the tip of the villus. The reduced
villus to crypt length ratio in such areas suggests an
ongoing epithelial repair mechanism. Interestingly, the
infiltrating hsp60-specific CD8 T cells seem to partially
replace intraepithelial g/d T cells and are presumably
Figure 5. IBD Caused by hsp60 T Cells Is Independent of the Bacte- involved in promoting epithelial cell degeneration. Fur-
rial Flora of Recipient Mice ther support for the role of gd iIEL in modulating the
(A) TCRb2/2 mice kept under SPF conditions (open triangle) and epithelial cell integrity comes from infection experiments
germ-free TCRb2/2 mice (closed triangle) were reconstituted i.v. with Eimeria vermiformis which revealed that intestinal
with 5 3 106 T cells, and survival was monitored. Cryosections of
epithelial cell damage was more severe in animals lack-the small intestine from TCRb2/2 kept under SPF conditions (B) or
ing g/d T cells (Roberts et al., 1996). The g/d T cellsgerm-free TCRb2/2 mice (C) were stained for Vb8.1, 8.2, 14 days
after reconstitution with hsp60 T cell clone. Bar represents 100 mm. produce keratinocyte growth factor and soluble factors
CD8 T Cell±Mediated Intestinal Pathology
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that are involved in the maintenance of the intestinal to various pathological processes that occur simultane-
epithelium (Boismenu and Havran, 1994). ously and include T cell infiltration, inflammation, and
Shortly after transfer, hsp60-specific CD8 T lympho- secretion of proinflammatory cytokines in various tis-
cytes could be detected in the vicinity of hsp60-express- sues. This is accompanied by cachexia. Because of this
ing cells in the lamina propria suggesting early T cell complex nature, we cannot formally correlate death with
activation by macrophages or dendritic cells that pres- a single factor. However, as TNFa R2/2 3 TCRb2/2 mice
ent epitopes of self-hsp60. During disease progression, neither develop inflammatory responses nor cachexia,
hsp60-specific T cells spread to the epithelial layers of TNFa must be crucially involved in disease symptoms.
the villi. Although enterocytes have been described to Our model shows that hsp60-specific CD8 T cells
exert APC-like functions (Bland and Warren, 1986; cause an antigen-specific, autoimmune inflammatory
Mayer and Shlien, 1987), their role in the initiation or disease with focus on the small intestine. Antigen speci-
perpetuation of the inflammation remains to be eluci- ficity of the inflammatory response was further con-
dated. firmed by the accelerated onset and increased severity
A novel finding of the presented model is that intestinal of pathology of T cell reconstituted animals after hsp60
inflammation may develop also in the absence of the peptide treatment (data not shown). Although immuno-
normal intestinal flora through recognition of conserved competent mice usually did not develop disease after
epitopes shared between prokaryotes and eukaryotes. transfer of hsp60-specific T cells, our findings empha-
Three experimental results are in direct support of this size the pathogenic potential of such T cells in a state
notion: (1) lesions develop almost exclusively in the of immunodeficiency or immune dysregulation. Self-
small intestine and not in the colon, the site with the reactive T cells are frequently found in healthy individu-
highest bacterial concentration in the gut; (2) transfer als, indicating escape from thymic deletion (Sinha et al.,
of a non-cross-reactive, bacterial hsp60-specific T cell 1990). Due to their low frequency or because of tight
clone did not induce pathology; and (3) intestinal inflam- regulatory mechanisms, autoreactive T cells usually re-
mation was also observed in germ-free TCRb2/2 mice. main silent and are of no harm. However, continuous
The hsp60 cross-reactive T cells were originally acti- stimulation by foreign antigens exhibiting a high similar-
vated by microbial hsp60, suggesting involvement of ity to self, such as shared epitopes of microbial and
the intestinal flora in primary T cell stimulation. Yet, self-hsp60, may activate previously silent autoreactive
subsequent induction of inflammatory reactions be- T cells (Moudgil and Sercarz, 1994; ZuÈ gel and Kaufmann,
came independent from microbes as the source of anti- 1999). This concept is supported by the observation that
gen due to the cross-reactivity with mammalian hsp60. It the onset of autoimmune reactions is often associated
still remains unclear why hsp60-specific T cell±mediated with bacterial or viral infections (Ottenhoff and de Vries,
inflammatory lesions were restricted to the small intes- 1990; Aichele et al., 1996).
tine. It is possible that processing and presentation of
the endogenous hsp60 epitope is more efficient in the
Experimental Proceduressmall intestine or that differential expression of costimu-
latory and homing molecules favors the expansion of
Mice
hsp60-specific CD8 T cells in the small bowel. All mice were bred in the animal facilities of the Max-Planck Institute
Several models of CD4 T cell±mediated colitis have at the Bundesamt fuÈ r gesundheitlichen Verbraucherschutz und Vet-
been attributed to an exaggerated Th 1 response mani- erinaÈ rmedizin (BgVV) under specific pathogen free conditions (SPF).
The animal colonies were regularly checked for SPF status by bacte-fested by excessive IFNg production (Powrie et al.,
rial and viral serology and parasitic examinations. Germ-free mice1994b; Berg et al., 1996). Further, increased numbers of
were generated and kept at the Institut fuÈ r Tiergesundheit, Tierver-TNFa-secreting cells have been observed in the lamina
halten und Labortierkunde, Freie UniversitaÈ t Berlin. C57BL/6 andpropria of patients with CD and UC (MacDonald et al.,
TCRb2/2 mice were originally purchased from Jackson Laboratories,
1990; Cappello et al., 1992). Accordingly, neutralization and b2m2/2 mutants were a kind gift from Dr. R. Jaenisch. Mice had
of IFNg or TNFa with antibodies substantially improved been backcrossed on C57BL/6 background (.8 backcross). Double
enteropathy in several model systems (Piguet et al., mutant TCRb2/2 3 b2m2/2 mice on C57BL/6 background were bred
in our animal facility to homozygosity. Animals of both sex at the1987; Mowat, 1989; Powrie et al., 1994b). T cell reconsti-
age of 6 to 14 weeks were used in all experiments. TNF R11 R22/2tuted TCRb2/2 mice revealed elevated levels of IFNg and
(p75 3 p55 double mutants) mice were kindly provided by Dr. U.TNFa in inflamed tissues, demonstrating type I cytokine
MaÈ rki and were crossed with TCRb2/2 mice on C57 BL/6 backgroundinvolvement also in the autoimmune intestinal pathol-
(.5 backcross) at the BgVV.
ogy. This is further supported by the almost complete
absence of inflammatory lesions in animals lacking re-
Germ-Free Miceceptors for TNFa. Currently, it is not clear whether TNFa
TCRb2/2 mice raised under SPF conditions were used for bacterial
secreted by the T cell clone is involved in tissue damage decontamination. Prior to the antibiotic treatment, mice were placed
directly or indirectly by stimulating macrophages to pro- in autoclaved cages with a hermetically sealed filter cover and a
duce inflammatory mediators such as reactive oxygen- wire mesh above the bedding. Animals were bathed twice a week in
and nitrogen metabolites, IL-1, IL-6, IL-12, and TNFa, 0.2% peracetic acid and transferred with sterile forceps into freshly
autoclaved cages under a laminar flow. Drinking water containingall of which have been shown to contribute to intestinal
the antibiotics was given as a 1% solid agar block. The followingpathology (Braegger and MacDonald, 1994). Since hsp60-
schedule of antibiotic/antimycotic treatment was applied, and givenspecific T cells exhibited strong Fas- and perforin-
concentrations refer to 100 ml drinking water. First week nystatin
mediated cytotoxicity in vitro, direct destruction of cells (10 mg), second and third week neomycin (30 mg) and bacitracin
presenting the corresponding autoantigen could further (100 mg), fourth and fifth week trimethoprim-sulfamethoxazol (15
participate in pathology. mg), terramycin (50 mg), and nitrofurantoin (50 mg) until animals
were germ free. The administration of antibiotics was discontinuedDeath of T cell reconstituted animals is probably due
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when cultures of fecal and bedding samples were negative for mi- incubated with PBS containing 1% paraformaldehyde and 0.01%
Tween 20 for 1 hr. Cells were pelleted and then incubated with 50croflora. The animals were then transferred into an isolator that had
been sterilized with 2% peracetic acid. Kunitz units Dnase I (Sigma) in 0.15 M NaCl, and 4.2 mM MgCl2
(pH 5) for 10 min. After washing, cells were incubated with FITC-
conjugated anti-BrdU mAb (Becton Dickinson) and analyzed usingGeneration of hsp60-Specific T Cell Clones
two-color analysis. T cell reconstituted TCRb2/2 mice that had notT cell clones had been generated as described (ZuÈ gel et al., 1995). In
been given BrdU were used as controls for unspecific intracellularshort, C57BL/6 mice were immunized s.c. with 2 mg of mycobacterial
staining.hsp60 in ISCOM. Three weeks later, spleens were removed, and
single cell suspensions were prepared and cultured in vitro with
irradiated (30 gray) spleen cells loaded with a tryptic digest of hsp60 Morphometric Analysis
(50 mg/108 spleen cells). After 2 weeks of culture, T cells were cloned The median height of 10 villi and the median depth of 10 crypts
under limiting dilution conditions with 0.45 cells/well in 60-well Tera- were determined in paraffin-embedded tissues of naive TCRb2/2
saki plates (Greiner, NuÈ rtingen, Germany). After 1 week of culture, and mice 32 days after T cell reconstitution. Only specimens exhib-
cells were transferred to 96-well plates (Nunc, Roskilde, Denmark) iting longitudinally oriented sections through the crypts were taken
and further expanded in 12-well plates (Costar). Once weekly, CTL for measurements.
clones were stimulated with antigen as described above. T cell
clones were tested for their cross-reactive potential in a 51Cr-release Histology
assay using target cells labeled with overlapping synthetic peptides Examination of histopathology was performed with tissues from
(9±11 mer) of the murine and mycobacterial hsp60 sequence. naive and T cell reconstituted mice. Tissues were fixed in 4% PFA,
dehydrated in cold acetone, and embedded into Kulzer Technovit
Transfer Experiments 8100 (Haereus Kulzer, Wehrheim, Germany) following the manufac-
Four to eight days after the last antigenic restimulation, 5 3 106 turer9s instructions. After polymerization, sections were cut at 3 mm
hsp60- or influenza NP peptide 366-374-specific CD8 T cells, kindly on a rotation microtome (Leica, Bensheim, Germany) and stained
provided by Dr. H. G. Rammensee, were washed three times with with hematoxylin and eosin. Tissues were graded, in a blinded fash-
sterile PBS and injected i.v. or i.p. in recipient mice. ion by a pathologist, for signs of T cell infiltrations, ulceration, muco-
sal thickening, haemorrhage, and epithelial cell integrity.
Immunohistology was performed on cryosections. Organs wereIsolation of iIEL
snapfrozen in liquid nitrogen and subsequently kept at 2708C. Cryo-iIEL were prepared by modifications of a method previously de-
stat frozen sections were cut at 5 mm, air dried, and then fixed inscribed (Ishikawa et al., 1993). In brief, the small intestines were
acetone for 10 min. After blocking endogenous peroxidase activityeverted and placed into a bottle containing complete Click's/RPMI
(Dakopatts, Denmark), cryostat sections were preincubated with1640 medium, and the bottle was agitated on an orbital shaker at
normal mouse serum from Dianova (Hamburg, FRG) and then incu-378C for 30 min. Supernatants were collected, and the gut tissue
bated with the primary mAb for 60 min. For primary incubation, thewas transferred to a 50 ml tube containing 15 ml of medium and
following mAb were applied: anti-TCR a/b FITC (H 57-597) and anti-shaken vigorously for 15 sec. This procedure was repeated three
TCR g/d FITC (GL3). Secondary mAb incubation was performed withtimes, and the supernatants were collected each time and replaced
rat anti-FITC peroxidase-conjugated mAb (Boehringer Mannheim,with fresh medium. Cells were pooled and then passed through a
FRG). For enhancement of the signal, sections were incubated with10 ml syringe column packed loosely with siliconized glass wool to
peroxidase conjugated anti-peroxidase mAb for 30 min before visu-remove cell debris and adherent cells. To enrich for the lymphocyte
alizing with horseradish peroxidase using 3-amino-9-ethylcarbazolefraction, discontinuous Percoll density gradients were prepared in
(Dakopatts, Denmark) as substrate. Phosphate-buffered saline10 ml centrifuge tubes by placing the cells suspended in 40% Percoll
(PBS) was used for washing steps between incubations. Finally,(2 ml) onto a cushion of 70% Percoll (1 ml). The tubes were then
sections were counterstained with hematoxylin. Samples incubatedcentrifuged at 208C for 20 min at 600 3 g. The interface between
with isotype-matched control mAb and without primary mAb servedthe 70% and the 40% Percoll layers contained lymphocytes with
as negative controls..95% cell viability.
For immunofluorescence studies, cryostat sections were blocked
with PBS containing 5% normal rat serum, 1% BSA, and 0.05%CTL Assay
Tween 20 containing 20 mg/ml anti-Fc-receptor mAb (clone 2.4G2,CTL activities of hsp60-specific T cells were measured in a 51Cr
PharMingen, Hamburg) to block nonspecific binding. Specimensrelease assay using EL 4 cells as targets as previously described
were then incubated with anti-Vb8.1, 8.2 directly conjugated to Cy5(ZuÈ gel et al., 1995). Cloned T cells were incubated with 2 3 103 51Cr-
by Fluorolink procedure (Amersham) and anti-hsp60 (SP 881, Stress-labeled EL 4 cells in the presence or absence of synthetic peptides
gene), which was visualized by rat anti-mouse IgM conjugated toof hsp60 for 4 hr at 378C in 7% CO2 at various effector:target ratios.
Cy2 (Dianova, Hamburg). Specimens were analyzed on a Leica TCSAfter 4 hr, 100 ml of supernatant was removed and released label
SP confocal microscope (Bensheim, Germany).measured in a gamma counter. Percent specific lysis was calculated
as follows: (Experimental 51Cr-release - spontaneous 51Cr-Release) 3
Acknowledgments100 / (Maximum 51Cr-release - spontaneous 51Cr-release).
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